Optical Properties of Excitons in ZnO-based Quantum Well Heterostructures 
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Recently the developments in the field of II-VI-oxides have been spectacular. Various epitaxial methods has 
been used to grow epitaxial ZnO layers. Not only epilayers but also sufficiently good-quality multiple quan- 
tum wells (MQWs) have also been grown by laser molecular-beam epitaxy (laser-MBE). We discuss mainly 
the experimental aspect of the optical properties of excitons in ZnO-based MQW heterostructures. Systematic 
temperature-dependent studies of optical absorption and photoluminescence in these MQWs were used to eval- 
uate the well-width dependence and the composition dependence of the major excitonic properties. Based on 
these data, the localization of excitons, the influence of exciton-phonon interaction, and quantum-confined Stark 
effects are discussed. 

The optical spectra of dense excitonic systems are shown to be determined mainly by the interaction process 
between excitons and biexcitons. The high-density excitonic effects play a role for the observation of room- 
temperature stimulated emission in the ZnO MQWs. The binding energies of exciton and biexciton are enhanced 
from the bulk values, as a result of quantum-confinement effects. 

PACS numbers: 78.55.Bt, 81.15.Fg, 71.35.Cc, 72.15.-v 



I. INTRODUCTION 

ZnO has a large fundamental band gap of ^3.37 eV at room 
temperature 10, 12, 0] ■ The nature of high thermal conductiv- 
ity, high luminous efficiency and mechanical and chemical ro- 
bustness have made ZnO and its alloys the promising material 
system for light-emitting devices operated at a UV spectral 
region [4]. New applications for ZnO field effect transistors 
are also under extensive exploration (SlIaLZllSllSll- I n addition 
to these stabilities, ZnO has the advantage of a larger exciton 
binding energy 1 10] (about 60 meV), which assures more ef- 
ficient excitonic emission at higher temperatures. Moreover, 
the excitons in ZnO-based quantum well (QW) heterostruc- 
tures exhibit strong stability as compared to bulk semicon- 
ductors or III-V QWs due to the enhancement of the binding 
energ y llllll 211 and the reduction of the exciton-phonon cou- 
pling 1 13] caused by quantum confinement. Due to these ef- 
fects, excitons are expected to play an important role in many- 
body processes such as laser action and nonlinear absorption 
of II-VI-oxide QWs even at room temperature. For example, 
excitonic gain has been demonstrated in ZnO/ZnMgO QWs. 
A detailed study of excitons in ZnO multiple quantum wells 
(MQWs) is thus important to understand the optical proper- 
ties of these wide gap heterostructures, also in view of their 
application to ultraviolet-blue optoelectronic devices 11411 . In 
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addition, an effect of built-in electric fields inside QW lay- 
ers might be taken into account for ZnO QWs having rela- 
tively high barrier height. As has been extensively investi- 
gated in wurtzite GaN-related heterostructures, in biaxially 
strained wurtzite heterolayers with the c axis parallel to the 
growth direction, piezoelectric and spontaneous polarization 
effects ma y be pre sent as a consequence of its noncentrosym- 
metry EM 03 Bill- 



In this review article, we overview the most recent ex- 
perimental and theoretical work about the optical properties 
of excitons in ZnO-based QWs grown on lattice-matched 
ScAlMg04 (SCAM) substrates. We briefly introduce vari- 
ous wide-gap materials that have been used to construct the 
ZnO-related double heterostructures in section HH In section 
IIIII we briefly summarize the basic theoretical concepts used 
to model quasi two-dimensional excitons in QWs. In sections 
llVl andlVlwe discuss the linear optical properties of excitons, 
including the thermal stability, the strength of the quantum- 
size and the quantum-confined Stark effects in QWs, and the 
temporal evolution of the excitonic transitions. In section IvTI 
we treat the nonlinear optical properties of excitons. After a 
short theoretical introduction, we discuss the role of excitons 
in the stimulated emission processes of II-VI-oxide QWs in 
subsection IVI Bl Finally, we also discuss the enhancement 
in biexciton binding energy and the stimulated emission from 
two-component carrier plasmas (i.e., electron-hole plasmas). 
Our conclusions are drawn in section lvTTI 
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FIG. 1 : Energy gap at 300 K versus lattice constant for a few relevant 
II-VI-oxide semiconductors. 



troscopic studies have been conducted in these systems 12811 . 
The combination of these isoelectronic materials (ZnO, MgO, 
CdO) spans the whole blue ultraviolet spectral range (Fig.^ 
through with the complication of lattice mismatch which 
strongly affects the electronic states and the valence band off- 
set. 



TABLE I: Main structural and electronic parameters of binary II-VI- 
oxide compounds 

ZnO" MgO CdO 



E a (eV) 

m e (m ) 
m hh (m ) 
a (A) 



3.37 
0.28 
0.78 
3.2 



5.4 



4.2 



2.2 



4.7 



"from Ref.[T(J 



II. VARIOUS ZINC OXIDE-RELATED DOUBLE 
HETEROSTRUCTURES 

Various wide-gap semiconducting or insulating materials 
have been adopted to construct ZnO-related heterostructures. 
Since this article is devoted to the optical properties of the 
QWs, we concentrate on the materials adopted for the dou- 
ble heterostructures. Amongst them, the ZnO/ZnMgO dou- 
ble heterostructure is a quantum structure that has been most 
extensively studied with spectroscopic characterization. Res- 
onant tunneling action was observed in a similar QW l2(ill . 
Because the stable crystal symmetry of ZnO is different from 
that of MgO or CdO, the growth of these ternary alloys over 
the whole concentration range is rather difficult. We should 
here emphasize the almost perfect lattice mismatch attained 
between CdZnO and MgZnO. This ternary-ternary QW can 
realize a perfect (in-plane) lattice-match with a maximum bar- 
rier height up to 0.9 eV by choosing an appropriate combina- 
tion of cadmium and magnesium concentrations (cf. Fig. 4 
in Ref. 12111 ') 12 ll 12211 . This is an advantage compared to 
(In,Ga)N/(Al,Ga)N QWs. Not only wurtzite nitrides lElEl 
such as GaN or A1N but also oxides-based insulators are 
found to be also good candidates for the barriers of the QWs. 
Ohkubo et al. |25] reported the growth and the the opti- 
cal characterization of /3-LiGa02/ZnO/ScAlMg04. Fujimura 
et al. 1 26] reported growth of the heterostructures based on 
diluted magnetic semiconductors, ZnO/ZnMnO. Bogatu et al. 
claimed the existence of surface QW-like states in hydrogen- 
implanted ZnO crystals 1 2711 . 



III. MODELING OF EXCITONIC STATES IN ZNO 
QUANTUM WELLS 

In this review article, we concentrate on II- VI oxide QWs 
consisting of binary compounds ZnO, MgO, CdO and their 
solid solutions ZnMgO and ZnCdO because many of spec- 



The calculation of the confinement energies and excitonic 
states requires a detailed knowledge of the band structure pa- 
rameters. We should mention that most of the band parame- 
ters of ZnO and MgO and related ternary alloy are not well 
known. Those used in this article Holl are summarized in Ta- 
bleU It should be pointed out that Mg^Zni-^O alloys grow 
with wurtzite symmetry and physical parameters available in 
literature are for MgO which grows with zincblende symme- 
try thus making it impossible to determine the values of phys- 
ical parameters in the alloy system by interpolation. Because 
the effective masses or dielectric constants are not known for 
MgO, those for the solid solutions are not either known. On 
the other hand, the band gap energy in Mg 2 Ztii-^O have been 
given elsewhere [29]. Coli and Bajaj 13011 deduced a reliable 
band gap offset since there have been so far no reliable exper- 
imental determinations of the ratio between the conduction 
and valence band offsets (AE C / AE V ) in these heterostruc- 
tures II141I3 ill. They have used AE C J AE V as a fitting parame- 
ter, varying it from 90/10 to 60/40 and found that their results 
are closer to the experimental data when the ratio is in the 
range 60/40-70/30. The electronic states are evaluated in the 
effective mass approximation. 

The exciton binding energy is a very important parameter 
to be evaluated in II-VI-oxide compounds. The enhancement 
of the excitonic stability due to quantum confinement lUllfT2Tl 
and reduced phonon coupling 1 13] is one of the most interest- 
ing properties of II-VI-oxide QWs for optoelectronics. It is 
necessary from technological viewpoints to correctly describe 
the well width and composition dependences of the excitonic 
binding energy. 

They also calculated the excitonic transition energies in 
ZnO/MgZnO QW heterostructures, accounting for the ef- 
fects of the exciton-phonon interaction in the calculation of 
the exciton binding energies as formulated by Pollmann and 
Buttner 13211 . Figure 2 shows their results, describing ex- 
citon binding energy as functions of well width and of Mg 
concentration. Type-I QWs like ZnO/MgZnO exhibit binding 
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FIG. 2: Variational calculation of the exciton binding energy of 
ZnO/ZnMgO QWs of different composition performed by Coli and 
Bajaj. 



energies ranging between the bulk value (about 60 meV) up 
to «120 meV or more, depending on the well depth (barrier 
height) and well width (Fig|2}. In section[V]we will compare 
the calculated excitons binding energies with the available ex- 
perimental data. 

Another important figure of merit of the ZnO-based MQWs 
is the considerable enhancement of the optical absorption 
strength. For light propagating perpendicular to the basal 
plane of the QW, the integrated absorption strength is signifi- 
cantly larger than the corresponding values of II- VI (ZnSe) or 
III-V (GaAs) QWs. This finding together with the extremely 
large exciton binding energy suggests that excitons play a very 
important role in the linear and nonlinear optical response of 
ZnO-based QWs. It is therefore very important to have a pre- 
cise description of the excitonic properties in order to under- 
stand some of the relevant optoelectronic phenomena of in- 
terest for modern technology, e.g., lasing, optical modulation 
and nonlinear switching. 



(OOOl)-heterojunction interface, a sheet charge is present due 
to these polarizations. Unless formation of defects or recon- 
struction of the interfaces cancels this sheet charge, these po- 
larization fields give rise to a potential difference at the oppo- 
site sides of the well, the magnitude of which is proportional 
to the well layer thickness (L w ). 

As is well known, spotaneous polarization and piezoelectric 
polarization have played a crucial role in the optical properties 
of nitride-based heterostructures and devices. On the other 
hand, despite the same crystal structure, it has been believed 
that these effects are not very serious in the case of ZnO-based 
QWs, because lattice mismatch between the barrier and well 
layers is much smaller than that of nitride-based heterostruc- 
tures. Such an argument is correct as long as contribution 
from the piezoelectric polarization is discussed. 
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FIG. 3: Magnitude of a piezoelectric field by the mismatch-induced 
strain in QWs as a function of mole fraction, x, in In^Gai-^N/GaN 
(dashed line) and ZnO/Mg^Zni-^O (solid line) QWs. The data for 
InzGai-zN/GaN are from Refs. j^f j^Hl- 



IV. POLARIZATION IN WURTZITE II-VI-OXIDES 



A wurtzite structure does not have any symmetry operation 
that laps the c-axis bond parallel to the [0001] directions on 
the bond of other oblique directions one over the other. Conse- 
quently, wurtzites can possess spontaneous polarization with- 
out breaking its symmetry. In ZnO like GaN, a double layer 
coupled in an oblique direction displaces so as to approach its 
plane directions, which gives rise to the spontaneous polar- 
ization along the [0001] directions. Furthermore for example, 
a tensile-stressed situation inside a (0001) plane leads to the 
generation of piezoelectric polarization field along the [0001] 
directions as a result of piezoelectric effects. Therefore, at a 



Figure[3]compares the piezoelectric polarization fields as a 
function of magnesium or indium concentration. The data for 
In^Gai.zN/GaN are from Refs. S H . On the other 
hand, we must bear in mind about the possiblity of sponta- 
neous polarization mismatches at the interfaces if the fact that 
the spontaneous polarization of ZnO is comparable with that 
of GaN or A1N is considered. Unfortunately, there is no re- 
port on the spontaneous polarization coefficient of MgO nor 
MgZnO alloys. Optical transition energy, oscillator strength, 
and recombination times crucially depend on the magnitude of 
polarization fields due to the quantum-confined Stark effects. 
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LINEAR OPTICAL PROPERTIES OF QUASI 
TWO-DIMENSIONAL EXCITONS 



A. Optical absorption 

Representative low-temperature absorption spectra of se- 
lected ten-period ZnO/Mgo.^Zno.ssO MQWs are shown in 
Fig. 0] The samples investigated here were grown by laser 
molecular-beam epitaxy on ScAlMg04 substrates. Detailed 
growth procedure has been given elsewhere 1 3 1 ] . The PL and 
absorption spectra in a 500-A-thick ZnO epilayer on SCAM 
were included for comparison |36|. The width of these ZnO 
samples spans the range from bulk-like behavior (47 A) to 
quasi two-dimensional limit (7 A). The exciton Bohr radius 
of ZnO is « 18 A 11011 . The combination of these compo- 
sitional and configurational parameters permits a fine-tuning 
of the excitonic properties of the ZnO MQWs, which can be 
investigated systematic optical and structural studies. Absorp- 
tion energy of localized excitonic (LO) feature from the bar- 
rier layers is shown by a horizontal arrow (3.7^4.0 eV). At 
lower energies all the samples exhibit distinct excitonic peaks 
superimposed to the QW continuum. The quantum size ef- 
fect is clearly demonstrated by the blue shift of the absorp- 
tion spectrum with decreasing well width. For ZnO-based 
MQWs, the inhomogeneous broadening becomes comparable 
to the energies of crystal-field and spin-orbit splittings due to 
the unavoidable broadening induced when the QWs are con- 
structed. The A- and B-exciton structures here were not spec- 
trally resolved. The photoluminescence spectra (dashed lines 
in Fig. 0} exhibit clear excitonic bands with typical Stokes 
shift ranging between 20 meV for wide wells and 40 meV for 
the narrow wells (cf. Table I of Ref. I14l0 . These emissions 
are assigned to excitons localized at the potentials induced by 
spatial fluctuations on the relevant heterostructure size, be- 
cause such fluctuation has a more sensitive effect for a very 
thin well. 

Figures |3b)-(c) show the well width dependence of 
the peak energies of PL (closed circles) and absorption 
(open squares), respectively, in ZnO/Mgo.i^Zno.ssO and 
ZnOMgo.27Zno.73O MQWs on SCAM substrates. En- 
ergy diagrams of conduction and valence bands in a 
ZnO/Mgo.i2Zno.8sO MQW are shown in Fig.|5ja). Changes 
in composition x cause variation in the depth of the QW. Sam- 
ples with higher Mg content show absorption spectra extended 
toward the higher energy side, reflecting the increased depth 
of the QW. This result can be explained by considering the 
fact that confined potential is deeper for a higher barrier. The 
Stokes shift as well as the width of the PL band in the case of 
x = 0.27 barrier layers are larger than those of an x = 0.12 
barrier with the same L w . The depth fluctuation of the poten- 
tial well is thought to be a reason for this enhancement. Since 
the x — 0.27 is above the solubility limit, microscopic com- 
position fluctuation is much larger than that in the barrier with 
x = 0.12. The inhomogeneiety of the band-gaps in the bar- 
rier layers induces the depth fluctuation and the enhancement 
of the exciton localization energy. The unintentional modula- 
tion of the QW depth would cause themselves a fluctuation of 
several meV in the quantization energies of the carriers in the 
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FIG. 4: Absorption (continuous lines) and photoluminescence (shad- 
owed spectra) spectra of different ZnO/Mgo.i2Zno.880 QWs at 5 K. 
The well widths (L w ) are: (a) 47 A, (b) 17.5 A, (c) 6.91 A. Absorp- 
tion energy of barrier layers is shown by a horizontal arrow. Spectra 
in a 500-A-thick ZnO film are also shown. "A, B" indicates A- and 
B-exciton absorption bands, "Ie" shows PL of a bound exciton state, 
"B+LO, B+2LO, and B+3LO" correspond to exciton-phonon com- 
plex transitions, "n = 1" show the lowest excitonic absorption of the 
well layers, and "n > 2" means the excited states of the exciton or 
higher interband (sub-band) transitions. 



wells. As described later, sometimes there is an additional PL 
band below these "LE" bands. 

X-ray diffraction studies show distinct satellite peaks due to 
the superlattice periodicity. A set of typical X-ray diffraction 
patterns for the samples having various thicknesses ranging 
from 7 to 28 A is shown in Fig. [6] An analysis of these X-ray 
patterns provides the information on well width and compo- 
sition. High crystallinity and high thickness homogeneity are 
evidenced by bragg diffraction peaks (closed triangles) and 
clear intensity oscillations due to the Laue patterns. 

A line shape analysis of the satellite peaks reveals some 
inhomogeneous fluctuation presumably caused by a smooth 
long-range modulation of the QW thickness. Such an effect 
produces relevant potential modulation in the QW causing 
carrier or exciton localization. As stated above, this localiza- 
tion affects dramatically the optical properties of ZnO QWs. 
For ZnO/ZnMgO QWs, it is unnecessary to consider the ef- 
fects 13711 of interface diffusion of Mg whereas the formation 
of ternary alloy at the interface of binary /binary QWs has been 
experimentally investigated in ZnSe-related QWs 1 38]. 

The interactions of electrons with phonons have been 
demonstrated to greatly affect the optical and electrical prop- 
erties of semiconductors 13 9l l40l 14111 . The temperature de- 
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FIG. 5: (a) Diagram of conduction and valence bands between bar- 
rier and well layers in ZnO/Mgo.i2Zno.880 MQW |31]. The up- 
ward arrow shows the lowest interband transition. Peak energies 
of PL (circles) and absorption (squares) are plotted against L w for 
ZnO/Mg .27Zn .73O (b) and ZnO/Mgo.wZno.sgO (c) QWs. A solid 
curve is shown as a visual guide. 



pendence of the absorption spectra also provides information 
on the thermal stability of excitons 1 13]. In Fig.0 we show 
absorption spectra in the 5 to 300-K temperature range for 
MQWs with x = 0.12 and L w = 47 A. As can be seen 
from the figure, even a shallow QW (lower Mg content) ex- 
hibit room-temperature excitonic absorption. The thermal 
stability of the excitons depends on the ratio of the exciton 
binding energy to the longitudinal optical phonon energy, and 
on the actual strength of the exciton-phonon coupling |41|. 
The latter parameter can be approximately estimated from the 
temperature-dependent absorption linewidth of the ground- 
level exciton states. 

An increase in linewidth of the exciton is observed in the 
temperature-dependent absorption spectra. Figure [8J a) shows 
the temperature dependence of the FWHM of the excitonic ab- 
sorption peak for a sample with L w = 47 A. Thermal broad- 
ening of the excitonic absorption peak is generally interpreted 
as due to an exciton-phonon interaction. The exciton-phonon 
interactions ionize the exciton into a free electron and hole 
in the continuum of states or scatter the exciton into (higher- 
lying) discrete exciton states II 311 . According to Segall's ex- 
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FIG. 6: Double-crystal X-ray diffraction pattern of a ZnO/ZnMgO 
MQW structure having various I^u! (28 A-6.91 A). The barrier width 
is 50 A. The triangles mark the Bragg diffraction peaks correspond- 
ing to the superlattice period. 



pression [40], the total linewidth of the exciton contains two 
contributions: inhomogeneous broadening and homogeneous 
broadening. Within the adiabatic approximation, and then, the 
temperature dependence of the full width at half maximum 
(FWHM) can be approximately described by the following 
equation: 

r(T) = T inh + 7ph T + r LO /[exp{hLu LO /k B T) - 1], (1) 

where is temperature-independent term that denotes the 
inhomogeneous linewidth due to the exciton-exciton, exciton- 
carrier interaction |j40Tl . and the scattering by defects, impuri- 
ties and the size fluctuations. The second term j p hT is due to 
the acoustic phonon scattering. The -f p h represents the acous- 
tic phonon coupling strength, mainly caused by the deforma- 
tion potential mechanism. At low temperatures, since the pop- 
ulation of the longitudinal-optical (LO) phonon is vanishingly 
small, the scattering is mainly ruled by acoustic phonons. The 
third term is the linewidth due to the LO phonon scattering, 
r^o is the exciton-LO phonon coupling strength, and Tilulo is 
the LO-phonon energy. At high temperatures, the LO phonon 
Frohlich scattering dominates. 
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FIG. 7: Optical absorption spectra of a ZnO/Mgo.i2Zno.880 MQW 
sample with a well width of 47 A at various temperatures, where 

E Barrier denotef , me band . 

gap energy of the barrier layers. All the 
spectra have been relatively shifted in the vertical direction for clar- 
ity. 



The solid line represents the fitted result based on Eq. Q. 
The best fit is obtained for the parameter values Ti n h = 
17 meV, j p h — 31 ^eV/K, and Tlo — 341.5 meV. Here, we 
take Tllolo to be 72 meV, equal to that of bulkZnO. The value 
of Tiujlo does not exhibit an obvious change of well width for 
the MQWs as determined by the PL spectra. 

We summarize Tlo's for different QW widths in Fig.^b). 
As a comparison, V lo for a ZnO epitaxial layer was included. 
The exciton-phonon coupling in all the QWs (L w < 47 A) 
assessed here is found to be smaller than in bulk ZnO. In ad- 
dition, they monotonically decrease with decreasing L w . We 
assigned this variation to the enhancement of the exciton bind- 
ing energy. As stated above, r^o 1S a ls° dependent on the 
ratio of the exciton binding energy to the longitudinal optical 
phonon energy. For bulk ZnO, the exciton binding energy is 
much smaller than that of LO-phonon. On the other hand, 
this is no longer the case for ZnO multiple quantum wells 
(MQWs): the binding energy exceeds the Tiulq. A similar 
effect was also observed in other QW systems 14111 . The im- 
portant implication of this result is that the reduced exciton- 
phonon coupling in QWs favors the exciton stability leading 
to a dominant excitonic role in the optical processes of ZnO 
QWs under strong injection or high temperatures. For com- 
parison, T LO values for GaAs El, ZnSe 0, CdTe lEolH . 
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FIG. 8: (a) FWHMs of ZnO MQWs with a QW thickness of 47 A as 
a function of temperature. The solid line represents a result of fit to 
Eq. Q. (b) Exciton-phonon coupling constant (Tlo) versus the well 
width L w at x — 0.12 (circles) as obtained from the temperature- 
dependent exciton width. The solid curve is only a visual guide. 



CdS |40] and GaN |45] are 5, 81, 17, 41 and 375-525 meV, re- 
spectively. It can be seen that the values of Tlo of ZnO and its 
QWs are both larger than those in GaAs and even in other II- 
VI semiconductors. The large value of Tlo suggests that the 
exciton-LO phonon Frohlich interaction significantly affects 
the room temperature and high-temperature performances of 
ZnO-based devices. 
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FIG. 9: Width of 5-K excitonic PL lines versus L w in ZnO-based 
QWs for x = 0.12 and x = 0.27. The open circles are estimated 
from the QCS PL bands. 

Figure|9]shows the width of 5-K excitonic PL lines plotted 
as a function of L w for comparison. 

It is found that the excitonic luminescence in the ZnO 
MQWs under investigation is attributed due to the radiative 
recombination from the excitons localized by the fluctuation 
with spatial well width fluctuation etc. The evidences of our 
spectral assignment are; (1) the well width dependence of 
Stokes shift (energy difference of absorption and lumines- 



7 



cence bands), (2) the temperature dependence of PL spectra, 
and (3) the spectral distribution (luminescence energy depen- 
dence) of decay time constants of luminescence. The typical 
example of the spectral distribution of the decay time constant 
is shown in the lowest curve of the Fig. 1101 

Here, the temperature dependence of the PL spectrum in a 
quantum well in case magnesium composition is 0.27 is re- 
ported in detail. 
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FIG. 10: (a) PL (solid line) and absorption (broken line) spectra in 
a ZnO (17.5 A)/Mg .27Zn .73O MQW over the temperature range 
of 5 to 300 K. All of the spectra have been normalized and shifted 
in the vertical direction for clarity, (b) PL decay times as a function 
of monitored photon energy at 5 K in the same MQW. The dotted 
curve is results of the theoretical calculation based on the model of 
the excitonic localization. 

Figure II Of a) shows temperature dependence of PL 
(solid line) and absorption (broken line) spectra in 
ZnO(17.5 A)/Mgo.27Zno.7 3 MQWs over a temperature (T) 
range from 5-300 K. One should bear in mind that spectra 
taken at 95 to 200 K encompassed two peaks, both of which 
originated from recombination of localized excitons. The sep- 
aration of these peaks was 12 to 20 meV. Figure fTUT b) shows 
PL decay times as a function of monitored photon energy at 
5 K in the same MQW. The dotted curve is results of the the- 
oretical calculation based on the model of the excitonic lo- 
calization. Figure \TT[ a) summarizes peak energies of the PL 

nk 

spectra (E PL ) (solid circles and triangles) and the excitonic 
absorption energy (solid squares) as a functions of tempera- 
ture. It should be noted that the higher PL peak position does 
not coincide with that of absorption spectra even at the tem- 
peratures approximately equal to room temperature. 



We also examined, for comparison, the temperature depen- 
dence of PL peak energy in an MQW having a lower barrier 
height: a ZnO/Mgo.i^Zno.ssO MQW with a well width of 
27.9 A. Figure [TTT b) shows the peak energies of PL (circles) 
and absorption (squares) spectra in this sample. In this case, 
contrastingly, the energies of luminescence and absorption co- 
incide each other at the temperatures near room temperature. 
Two kinds of MQWs having different barrier heights showed 
significantly different temperature dependences of PL spectra. 

Followed on a temperature rise, the PL energy of 
ZnO(17.5 AyMgo.27Zno.73O MQWs exhibited low energy 
shift between 5K and 50K, exhibited the higher energy shift 
between 50 and 200 K, and again shifts to a low energy side 
at the temperatures more than 200 K. 

Furthermore, between 95 and 200 K, the spectra encom- 
passed two peaks, both of which originated from recombina- 
tion of localized excitons. The absorption peak energies both 
in ZnO epilayers and in MQWs are monotonically decreas- 
ing functions of temperature, as revealed in previous studies. 
This is attributed to the temperature-induced shrinkage of fun- 
damental energy gap. 




_L 

100 200 300 

Temperature (K) 

FIG. 11: PL (solid circles and triangles) and absorption 
(solid squares) peak positions as a function of temperature in 
ZnO(17.5 AVMgo.27Zno.73O (a) and ZnO(27.9 A)/Mg .i2Zn .s8O 
(b) MQWs. (c) Temperature dependence of PL decay times, tpl in 
ZnO(27.9 A)/Mg .27Zn .73O MQWs at 5-120 K Qj. 

In general, when a dominant PL peak is assigned to ra- 
diative recombination of localized excitons, its peak energy 
blueshifts with increasing temperature at low temperatures 

pk 

and redshifts at higher temperatures. The E PL blueshifts and 
continuously connects to that of free excitons due to ther- 

nk 

mal activation of localized excitons. The E PL of the free- 
excitonic emission is a monotonically decreasing function of 
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temperature due to the bandgap shrinkage. The temperature 
dependence shown in Fig. II Uf a) is, however, different from 
the abovementioned typical behavior. 

The temperature dependence of the recombination mech- 
anism for the localized excitons is considered to closely re- 
late to the temperature variation of the decay time constant 
of their PL. Thus, the temperature dependence of PL decay 
times (tpl) in the MQW with well width of 27.9 A is shown 
in Fig. II li e). The tpl values exhibites a nonmonotonical be- 
havior with respect to the temperature; it increased in the low 
tempearature range, while it decreased above a certain critical 
temperature. 

The temperature dependence of the recombination mecha- 
nism for the localized excitons can be explained as follows: (i) 
For 5 K <T<50 K, the relatively long relaxation time of ex- 
citons gives the excitons more opportunity to relax down into 
lower energy tail states caused by the inhomogeneous poten- 
tial fluctuations before recombining. This is because the ra- 
diative recombination processes are dominant compared with 
nonradiative processes in this temperature range. This be- 
havior produces a redshift in the peak energy position with 
increasing temperature, (ii) For 50 K <T<95 K, the ex- 
citon lifetimes decrease with increasing temperature. Thus, 
these excitons recombine before reaching the lower energy 
tail states. This behavior enhances a broadening of the higher- 
energy side emission and leads to a blueshift in the peak en- 
ergy, (iii) For 95 K <T<200 K, further enhancement of high- 
energy emission components produces a new peak, as seen in 
Fig.EIla) (triangles), (iv) Above 200 K, since the excitons are 
less affected by the temperature-induced rapid change in their 
lifetime and relaxation rate are increased due to the increased 
phonon population, blueshift behavior therefore becomes less 
pronounced. 

Since the energy of blueshift is smaller than the 
temperature-induced bandgap shrinkage, the peak position 
again exhibits a redshift behavior. As mentioned above, the 
features for excitonic spontaneous emission in the well layers 
are sensitively affected by the dynamics of the recombination 
of the localized exciton states, which significantly vary with 
temperature. 

In order to get information on this important parameter and 
more in general on the excitonic eigenstates and binding en- 
ergy one has to model the absorption line-shape with the mod- 
ified Elliot two-dimensional (2D) exciton model [46, 47|. It is 
well known that the reduction of the dimension modifies the 
excitonic line shape which are characterized by the enhance- 
ment of excitonic binding energies and by the concentration 
of the density-of states into the discrete excitonic peak. For 
purely two-dimensional excitons this has been first calculated 
by Shinada and Sugano B48I1 . Such a purely 2D formulation 
has been used in this work for simplicity. 

Analytical expression including the broadening effect has 
been deduced in Refs. |4£j |47| and is used here for the simu- 
lation. For example, the step like continuum of the QW den- 
sity of states is simulated by a step function, convoluted with 
a lorentzian broadening used to reproduce the exciton factor 
at the band edge. An example of the result of this line-shape 
simulation is shown in Fig.^]for a ZnO/ZnO/Mgo.27Zno.730 
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FIG. 12: Line-shape fitting of the absorption spectrum at 5 K of 
a ZnO/ZnMgO MQW with L w = 9 A. The simulation result (a 
dashed line) and the experimental data (a continuous line) are shown. 
Note that the A- and B-exciton structures here were not spectrally re- 
solved. 



MQW with L w = 9 A. The parameters used in the simulation 
are the band gap energy of E g , the excitonic binding energy 
of E h Ex , and the damping parameter of of V. The value of E g 
was 3.54 eV deduced from the lowest excitonic line, whereas 
the E w „ o f 72 meV was cited from the results of theoretical 
work 1 30]. The damping parameter of 24-25 meV was de- 
duced from the width of excitonic absorption peak. The calcu- 
lated absorption spectrum (a dashed line) reproduces well the 
experimental spectrum (a solid line) for the lineshape of the 
lowest excitonic absorption, whereas above the excitonic line, 
the calculation is not in good agreement with the experimental 
data. There are two plausible reasons for the poor agreement. 
Firstly, the tailing contribution of the localized excitonic states 
of the barrier (MgZnO layers) should be pointed out. 

It is, however, difficult to quantatively estimate the contri- 
bution of the barrier absorption. Secondly, the approximation 
of pure two-dimensional excitons is also responsible for that: 
one has to know quantatively the realistic degree of anisotropy 
of our QW (i.e., the sommerfeld factor). However, unfortu- 
nately in ZnO QWs these parameters has not been yet known. 

Because of the abovementioned disagreement, the experi- 
mental exciton binding energy is extracted from the energy 
positions of the stimulated emission as a result of exciton- 
exciton scattering and are summarized in Fig. ^] for ten dif- 
ferent MQWs (open circles and closed squares for x = 0.12 
and x = 0.27 QWs, respectively), together with the results of 
the variational calculations (solid and dashed lines) described 
in section Qll] The method of evaluation will be described 
later in section lVTI For shallower MQWs, the calculated exci- 
ton binding energy varies approximately from the bulk value 
(about 70 meV for L w = 47 A) up to 86 meV for L w = 18 A. 

For even lower well width, the calculated exciton binding 
energies decreases due to the increased penetration of the ex- 
citon wavefunction in the barriers. Deeper QWs (x = 0.27) 
exhibit a similar behavior, but the maximum exciton binding 
energy reported is 115 meV. The experimental results are in 
good agreement with the theoretical calculation. The calcu- 
lated exciton binding energy match within 5 meV the experi- 
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FIG. 13: Experimental exciton binding energy of ZnO/ZnMgO QWs 
with x = 0.12 (circles) and x = 0.27 (triangles) as a function of 
the well width. The curves (solid and dashed lines) are results of 
variation calculation 1 30]. 



mental values in the case of the x = 0.12 MQW (open circles 
and continuous line). The reasonable overall agreement be- 
tween calculated and measured binding energies supports the 
choice of polaron masses and dielectric constants used here. 

These results clearly show that exciton confinement in 
ZnO/ZnMgO MQWs can be tuned independently by varying 
the well composition (x) or thickness (L w ). Based on the ex- 
perimental data, for a given well width of 37 A, the increase of 
the well width (the increase of the Mg content from typically 
x = 0.12 to a; = 0.27) results in a 14% enhancement of the 
exciton binding energy, reflecting the enhanced localization of 
the carrier wavefunctions in the well. 

In Fig. we compare calculated exciton resonance 
energies with the experimental values (closed circles and 
open squares). We should emphasize again the importance 
of exciton-phonon interaction in these polar semiconductor 
QWs, because the better agreement between the results of 
their calculations (lines) and experimental data if the calcu- 
lation takes that effect into account. 

Before concluding this sub-section we discuss the lineshape 
of photoluminescence excitation (PLE) spectra taken for an 
MQW grown on a sapphire substrate. There has been few ex- 
perimental report of the PLE spectroscopy because the lattice- 
matched ScAlMg04 substrate is transparent for the wave- 
length region of interest. In a QW of the weak confinement 
regime such as the ZnSe/ZnS QW, strong hot exciton features 
are observed in the PLE spectra. Such an oscillatory behav- 
ior with a period equal to the LO phonon energy has been 
often observed in bulk semiconductors. The oscillatory struc- 
ture was not observed in the PLE spectrum taken for a ZnO 
MQW 1 31], indicating a significant reduction of the exciton- 
phonon coupling (the Huang-Rhys factor) with respect to bulk 
ZnO. 




10 20 30 40 50 60 

Well width (A) 

FIG. 14: Variations of the exciton transition and binding energies 
(inset) in ZnO/Mgo.wZno.ssO and ZnOZMgo.27Zno.73O MQWs as 
functions of well width. Symbols refer to excitonic transition en- 
ergies measured (squares and circles) by Makino et al. (Ref. 
Lines refer to the results of the calculations in which Coli and Bajaj 
described the electron-hole interaction accounting for the exciton- 
phonon interaction through Pollmmann-Buttner potential (solid and 
dashed lines). 



B. Temporal evolution of the excitonic transitions 

In this subsection we discuss the transient properties of 
excitons confined in ZnO-based QWs. Only time-resolved 
PL experiments have been performed for ZnO/Zno.ssMgo. 12O 
MQWs in which it is unnecessary to take the internal electric 
field effects into account. In optical experiments, excitons are 
formed with some excess energy by the off -resonant pumping. 
The excess energy is relaxed in a few hundreds fs by the ex- 
citon LO phonon interaction, resulting in a quasi-equilibrium 
distribution of thermalized excitons. After this short transient 
excitons undergo a number of different interactions, namely 
localization at potential fluctuations, scattering with electrons 
or other excitons and eventually recombine radiatively on a 
time scale of the order of few hundred ps. 

On the time scale of the exciton lifetime the behavior of 
the ZnO QWs does not differ appreciably from that of other 
II- VI or III-V structures. In Fig. we display the spectral 
distribution of decay time in ZnO/ZnMgO MQW structures of 
well width 7, 13, 18, 42 A and Mg content x = 0.12. 

The time-resolved PL experiments provide important infor- 
mation on the localization of excitons within the inhomoge- 
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FIG. 15: Time-integrated PL spectra (solid traces) and spectrally- 
resolved PL decay times (closed circles) taken at 5 K for four MQWs 
with L w of 7 (a), 13 (b), 18 (c), and 42 A (d) are shown. The dashed 
curves are the theoretical ones, indicating that the increase of the 
decay time occurring in the low energy tail of the exciton band due 
to trapping and localization. 



neously broadened density of states caused by monolayer fluc- 
tuation and disorder in the ternary alloy barriers. As a general 
trend the temporal evolution of the luminescence from local- 
ized excitons exhibits decay time longer than the free excitons. 
This is clearly seen in the low energy tail of the exciton res- 
onance of ZnO/ZnMgO MQWs. Estimated PL decay time is 
a monotonically decreasing function of the emission energy. 
This is because the decay of the localized excitons is not only 
due to radiative recombination but also due to the transfer pro- 
cess to the tail state. An analysis of the time-resolved lumi- 
nescence traces provides the density of localization centers 
existing in the QW. If the density of the tail state is approx- 
imated as exp(E/Eo), and if the lifetime of localized exci- 
tons {tpl) does not change with their emission energy, the 
observed decay times t(E) can be expressed by the following 
equation |49|]: 



t(E) 



TPL 



cM(E-E me )/E )' 



(2) 



where E shows the degree of the depth in the tail state and 
E me is the characteristic energy representing the absorption 
edge. Results of best fits have been given in Ref. |5(J, It is 



found that the evaluated tpl is a monotonically decreasing 
function of L w . Moreover, the L w dependences of the lo- 
calization depth [Eq in Eq. Q] of excitons and the tpl were 
similar with respect to each other (cf. Fig 3 of Ref. l50l) . There- 
fore, the L w dependence of tpl can be explained as being 
due to the thermal release effect from localized to delocalized 
states of excitons. 

The quantum efficiency suppression could be avoided even 
for the small L w s below 10 A, the reason of which is not clear 
now nevertheless is highly desirable for UV light-emitter de- 
vice applications. 



Quantum-confined Stark effects observed in ZnO quantum 
wells 



It is not necessary to take the quantum-confinement Stark 
effect into account in the case of the ZnO/Mgo.i2Zno.8sO 
MQWs. In the case of x = 0.27 in which lattice-mismatch 
between the well and the Mg^Zni-^O barrier layers is rel- 
atively large, since the directions of spontaneous and piezo- 
electric polarizations along the ZnO wells are coincident with 
respect to each other, the electric-field induced inclination of 
the band profiles is considered to become significant. 

Figure ^] shows 5-K PL spectra corresponding to 
ZnO/Mgo.27Zno.730 QW samples with three different L w s. 
Only the localized exciton ("LE") band was observed in 
ZnO/Mgo.27Zn .7 3 QWs with L w smaller than 38 A. In- 
creasing a L w yielded a different observation: Other than 
zero-phonon peaks of the "LE" bands, now there is another 
prominent PL peak (denoted by "QCS") in the 47- and 42- 
A-thick QWs, which seem to have difference origins with the 
"LE" band. These "QCS" bands have larger Stokes shift than 
that of "LE" bands. These PL bands are located ps 40 meV in 
energy below the emission band of the localized excitons and 

60 meV below the absorption energy of the free exciton 
transition. Calculation absorption energies l30ll are shown by 
arrows in Fig. 1161 

We think that the magnitude of the electric field in the case 
of x = 0.27 is larger than that of x = 0.12, because of the 
larger lattice-mismatch between ZnO and Mgo.27Zno.73O (cf. 
Fig. [3] in section Hvt . This internal field, present along the 
growth axis of the system, is caused by piezoelectric and spon- 
taneous polarizations. It is considered to be easier to observe 
the "QCS" bands in the sample with higher Mg concentration. 
Therefore, this band is attributed to be due to the radiative re- 
combination from the excitons influenced by the internal elec- 
tric field. The Stokes-like shift of PL is due to the quantum- 
confined Stark effect induced by the internal electric field. If 
there is a sizable polarization field inside a QW with small 
lattice mismatch between barrier and well layers, the sponta- 
neous polazation mismatch at interfaces is more likely to be 
responsible. We cannot however discuss this contribution be- 
cause the spontaneous polarization coefficient of MgO has not 
been reported so far. 

Why did the QWs with L w of 7-38 A not show the "QCS" 
emission? A band diagram of QWs under both the piezo- 
electric and spontaneous polarization fields is schematically 
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FIG. 16: 5-K PL spectra of ZnO/Mg .27Zn .73OQWs. Spectra (a), 
(b), and (c) were measured from three samples with different well- 
widths of the QW samples. Nomenclatures of "LE" and "QCS", 
respectively, mean the localized exciton and the quantum-confined 
Stark (QCS) effect. The LO-phonon replicas are indicated as arrows 
in the figure. The energy position of the excitonic absorption the- 
oretically calculated by Coli and Bajaj 1 30] is shown by the arrow 
with "Abs". (d) Schematic diagram of the conduction and the va- 
lence bands of wurtzitic QWs under the spontaneous and piezoelec- 
tric polarization field. Electrons and holes distributed in the well 
regions are spatially separated due to the quantum confined Stark ef- 
fects. The downward arrow with "QCS" corresponds to the radiative 
recombination process influenced by these effects, while the arrow 
with "LE" corresponds to that process without their influence. 



shown in Fig. I16f d - ). The PL energy of the "QCS" bands is 
lower than that of the "LE". Nevertheless, in the case of small 
L w , the energy difference can be neglected because the depth 
of triangle-shaped potential well is smaller than the case of 
larger L w . Both the electron and hole wavefunctions are con- 
fined in the wells even when the electric field is present. Thus, 
the overall Stokes-like shift of the PL is thus determined only 
by the in-plane (lateral) band gap inhomogeneity. We observe 
the single PL peak ("LE" band) in this case. On the other 
hand, in the opposite case (larger L w s), the depth of triangle- 
shaped potential well become larger. Carrier wavefunctions 
drops into these triangle-potentials at one side of the well 
layer. The electric field pushes the electron and the hole to- 
wards opposite sides of the well. Thus, the energy difference 
between "QCS" and "LE" becomes sizable (w 40 meV). 

It is now known that the quantum confined Stark effects 
somewhat reduce the excitonic oscillator strength. The dis- 
tinct excitonic peak could not be observed in a 5-K absorption 
spectrum taken for a 42-A-thick QW. However, this is possible 
for an 18-A-thick QW. Such disappearance may be explained 
by the oscillator strength quenching. It has been demonstrated 
similarly to the GaN that the magnitude of piezoelectricity is 
larger than zincblende semiconductors and that there are ef- 
fects of spontaneous polarization that are absent in zincblende 
semiconductors. More detailed theoretical work is desired to 
determine the magnitude of electric field. 



D. LO phonon replica in ZnO/Mgo.2rZno.raO QWs 

An important result of the exciton-phonon interactions in 
semiconductors is the appearance of phonon-assisted emis- 
sions of excitons in the luminescence spectra. In the past 
decades, phonon replicas have been observed in the PL spectra 
in most II- VI semiconductors l5ll l52l l53ll and in some ionic 
crystals 1 40] . The intensities of these replicas relative to the 
zero-phonon peak depend strongly not only on the exciton- 
phonon coupling strength but also on the internal electric field 
in the QW layers. We have already discussed the latter ef- 
fect in Section VC. The distribution of emission intensities 
between phonon replicas and the main emission peak reflects 
the coupling strength with the LO phonons and is described in 
terms of the Huang-Rhys factor. 

We give another supporting evidence of our spectral as- 
signment for "QCS" bands by paying attention to the inten- 
sity distribution of LO phonon replicas. The 1LO and 2LO 
phonon replicas of the "QCS" bands (e.g., "QCS-LO") are 
clearly seen in Figs. I16f a) and (b). This is not the case for 
the localized exciton emission as shown in Fig. 1161 c). The 
L w dependence of the PL intensity ratio has been given else- 
where The coupling strength of the electron-hole 
pairs separated due to quantum-confined Stark effect ("QCS") 
with the LO phonons is significantly larger than that of the 
localized excitons ("LE"). 

In general, the phonon coupling strength generally de- 
pends strongly on the spatial distributions of electron and 
hole charge densities and sometimes deviates from the bulk 
value 1 56]. The deviation is more outstanding in the cases 
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that the wurtzitic heterostructures are influenced by the strong 
internal electric field. As shown in Fig. I16f d). the electrons 
and holes are distributed on opposite sides along c-axis direc- 
tion. The distance between them are not only determined by 
the Coulomb force but also by the electric field. The reduced 
overlap of these electron and hole charge densities must be re- 
sponsible for the observed increase of the coupling strength. 
It is known that, according to Hopfield 15711 . the coupling 
strength is a growing function of the distance between elec- 
trons and holes. Conversely, this enhancement supports our 
spectral assignment concerning the "QCS" band. 



VI. NONLINEAR EXCITONIC PROPERTIES 

In this section we discuss nonlinear optical properties of ex- 
citons in ZnO-based QWs. Due to the enhanced excitonic sta- 
bility, nonlinear optical processes involving excitons are very 
important in those QWs and must be considered relevant even 
for the design of optoelectronic devices operating even with 
high carrier density and at room temperature. We deal with 
high-density exciton effects, in which bound electron-hole 
pair states participate, i.e., the regime of moderately high- 
excitation intensity is described. 



A. Basic theoretical concepts 

In this subsection, we give a treatment of the two repre- 
sentative recombination processes in dense exciton systems, 
which play a crucial role for the excitonic nonlinearlities of 
the ZnO epitaxial layers and ZnO-based QWs. We discuss 
uniquely the following two optical processes caused by the in- 
teraction between excitons: (1) exciton-exciton (x-x) recom- 
bination due to their inelastice scattering and (2) biexciton re- 
combination. In these processes only parts of the energy of 
the recombining exciton leave the QW as a photon, while the 
remaining energy is transfered to other excitations, such as 
free carriers or excitons. These processes have first been in- 
troduced in 1968 for a CdS crystal 15^1 . 



1. Inelastic scattering processes of excitons 

In the x-x recombination, an exciton is scattered converting 
into a photon, whereas another exciton is scattered into a state 
with higher energy (e.g., excited-states excitons or continuum 
states). Therefore, both energy and momentum are conserved 
in the total collisional process. The x-x processes is a domi- 
nant mechanism leading to stimulated emission in ZnO QWs 
and has been observed at temperatures from 5 K up to well 
above room temperature. The emission line of this assign- 
ment has been called P n (n denoting the quantum number of 
exciton). 



2. Biexcitons 

Since excitons in semiconductors can be understood in 
analogy to the hydrogen atom, one can expect that excitonic 
molecules or biexcitons may exist in the same way as H2 
molecules. Variational calculations for the biexciton bind- 
ing energy have been performed as a function of the mass 
ratio. They give a lower limit of ratio in exciton and biex- 
citon binding energies and indicate that the biexciton is bound 
in all semiconductors. In the biexciton recombination pro- 
cesses, a biexcitonic molecule decays into a photon and into 
a transverse exciton or exciton-like polariton on the lower 
branch, respectively. The well-width dependence of biexciton 
binding energy has been estimated experimentally by the low- 
temperature pump-and-probe spectroscopy. At elevated levels 
of excitation, stimulated emission related to the presence of a 
dense neutral electron-hole plasma has been observed. Such 
very high-excitation regime will be discussed later. 



B. Results for the emission due to the inelastic scattering 
processes: role of excitons in the stimulated emission 




Photon energy (eV) 



FIG. 17: Excitation intensity (I e x) dependence of the stimulated 
emission spectra in a ZnO/Mgo.i2Zno.8sO SL (L w = l% A) under 
pulsed excitation measured at room temperature. Spontaneous PL (a 
dotted line) under continuous-wave excitation and absorption (a bro- 
ken line) spectra are also shown. Inset depicts the integrated intensity 
of the stimulated emission peak as a function of I ex . Threshold in- 
tensity (I th ) is 17 kW/cm 2 . 

In this section we start from the experimental results that 
are related to the x-x recombination process in order to dis- 
cuss the interplay between excitons recombination in the stim- 
ulated emission mechanism of ZnO MQWs. A method to de- 
termine the exciton binding energy from this x-x emission will 
be explained. Because the excitons of ZnO are stable even at 
room temperature, the x-x inelastic scattering is expected to 
be seen in the wide temperature range in their MQWs. This 
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process has been observed at intermediate excitation levels in 
all II- VI compounds investigated so far. The exciton-exciton 
process can be distinguished spectroscopically by the charac- 
teristic energy of their luminescence or stimulated emission. 
In general, energy and momentum conservation and Boltzman 
distribution for the excitons are assumed in the scattering pro- 
cess. For example, typical emission band is displaced from 
the position of the free exciton to lower energies by approxi- 
mately one exciton binding energy (E%,). Since we would like 
to discuss its temperature dependence, the resulting emission 
energy for the exciton-exciton scattering should be written as 
a function of temperature for the 2D case: 



E H h -E b - 2Sk B T, 



(3) 



with <C S < 1 where Ehh is the free exciton (heavy hole) 
energy, and /i is the reduced exciton mass. Typical room- 
temperature spectra in MQWs with x = 0.12 and L w = 18 A 
are shown in Fig. [n] This observation corresponds to the 
demonstration of room-temperature excitonic gain. The P n 
lines are observed for the MQWs. Strong and sharp emission 
peaks were observed at 3.24 eV above a very low threshold 
(1*^=17 kW/cm 2 ), and their integrated intensities rapidly in- 
creased as the excitation intensity (I ex ) increased, as can be 
seen in the inset. Unlike in the case of epitaxial ZnO thin 
films, a fine structure associated with the P-bands (P2, P3, 
...) could not be observed in MQWs probably because of the 
larger inhomogeneity. 
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FIG. 18: Temperature dependences of peak energies of the P bands 
(open circles) and free exciton energies (closed circles) in a ZnO epi- 
taxial layer (a), ZnO/Zno.8sMgo.i20 (b) and ZnOZZno.73Mgo.27O 
MQWs (c) (Til]. 

For an unambiguous identification, it is necessary to per- 
form a systematic investigation. In order to facilitate the com- 



parison of the experimental data with Eq. including the 
kinetic energy term, we plot in Figs. I18f b) and (c) that cor- 
respond to the temperature dependence of the peak energy of 
the P band in the QWs (Mg concentration of 0.12, L w s of 
37A and 18 A). For comparison, a corresponding plot for a 
thin ZnO film is shown in Fig. ll8F a). At sufficiently low tem- 
peratures, the energy separation of the P band from the reso- 
nance energy of exciton must be equal to the exciton binding 
energy because the kinetic energy approaches zero. The tem- 
perature dependence of the peak energy difference in QWs 
shows the same behavior as that of ZnO. Thus, as a result of 
such a careful comparison, it can be said that the mechanism 
of this stimulated emission for the MQWs is the inelastic x- 
x scattering. This also rules out the other possibilities such 
as stimulated exciton-phonon scattering as a mechanism lead- 
ing to this excitonic gain. This method was also used for the 
determination of exciton binding energies. These estimated 
values have been already summarized in a previous section 
(cf. Fig.[0]of section|VJ, indicating the confinement-induced 
enhancement. 

The x-x recombination process is not only observed in the 
luminescence, but also in the optical gain spectra. Sun et al. 
experimentally determined the value of the optical gain by 
using so-called the variable stripe-length method. The peak 
value of the excitonic gain of a ZnO/Zno.8sMgo.i20 MQW 
with L w = 18 A at room temperature was estimated to be 
-250 cm" 1 . 

According to results of the high-temperature tolerance tests, 
the stimulated emission could be observed up to 377 K, and 
the characteristic temperature, which is a figure of merit with 
respect to temperature rise, was estimated to be 87 K 15911 . 
This was significantly higher than that of a 55-nm-thick 
ZnO/sapphire (67 K) [60]. The lowest threshold value at room 
temperature was 1 1 kW/cm 2 in the case of L w of 47 A. bee 
Ref. jH for details. 



C. Optical properties of biexcitons 

1. Radiative recombination from biexcitonic states 

As has been introduced in a previous subsection, in princi- 
ple the threshold for laser action using biexcitons as its mech- 
anism is expected to be even lower than that using an x-x 
scattering process. The reduced binding energy of biexciton 
with respect to the exciton however makes the biexciton par- 
ticle rather unstable, so that the room-temperature achieve- 
ment of biexciton lasing seems to be very difficult even in 
ZnO MQWs. Nevertheless, the formation of biexcitons has 
been already found at T < 160 K in some ZnO QWs: the 
excitation-intensity dependence of the biexcitonic PL spectra 
and of nonlinear pump-probe spectra have been reported so 
far. Figure[^]gives such an example taken for the MQW (Mg 
concentration x = 0.27 and 37 A) at 5 K. We here would like 
to emphasize that the threshold for the biexciton recombina- 
tion or formation is significantly lower than that for the x-x 
recombination, i.e., the biexcitonic gain is more advantageous 
from the view point of the application as a low-threshold semi- 
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conductor laser. The three traces in Fig. ^] show the normal- 
ized PL spectra at various excitation power under the optical 
excitation using a pulsed-dye laser (341 nm) |61|. 

At the lowest power density [100 W/cm 2 , Fig. 1191 . the lu- 
minescence spectrum is dominated by radiative recombination 
of localized excitons (an open circle, X). As the excitation 
power density increases, there appears a shoulder (a closed 
circle, XX) on the low-energy side of the X-band. This emis- 
sion band, located at 3.35 eV, grows superlinearly with re- 
spect to the excitation intensity. With further increase in exci- 
tation intensity, a second peak denoted by P appears at around 
3.12 eV. This assignment is supported by the rate-equation 
analyis for dependence of biexciton PL intensity on the exci- 
tation density (cf. Fig. 3 of Ref. IcJlln . 



3 



o 
a 

O 



3 

o 



1 1 1 1 1 1 4 
x = 0.27 A 
L W =37A 

5K P-> 

— i ° 

20kW/cm 2 J 


1 1 1 1 

<-xx 

o 

\<-x 
ft \ 


5 kW/cm 2 




0.1 kW/cm 2 J 





3.0 3.1 3.2 3.3 3.4 3.5 3.6 
Photon Energy (eV) 

FIG. 19: PL spectra at 5 K taken from a ZnO/ZnMgO MQW with 
well width of 18 A under three different excitation intensities. 

Probably because of the competition with the inelastic scat- 
tering processes, stimulated emission related to the biexciton 
decay has not been observed yet experimentally. 



2. Some other nonlinear spectroscopy and biexciton binding 
energy 

In this subsection we deal with the experimental results of 
a nonlinear spectroscopic method and the conclusions which 
may be drawn from these results concerning biexcitons. The 
method discussed here is two-step absorption into the biexci- 
ton states via really excited intermediate states of excitons. 

In order to exploited the biexciton creation via the step- 
wise two-photon absorption and determine its binding energy, 
Chia et al. adopted a pump-probe transmission spectroscopy, 
in which a strong pump beam creates the high-density exci- 
tonic gas while a weak tunable beam probes the changes of 
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FIG. 20: (a) Evolution of a differential absorption spectrum in a 
ZnO/Zno . 73 Mgo. 27 O MQW (L w = 18 A) with increasing excita- 
tion intensity taken at 77 K. (b) The PL and absorption spectra of the 
same MQW. 



the excitonic absorption. In their experiments, a ZnO MQW 
is illuminated by a XeCl excimer-laser beam, and a second 
broad-band light source prepared by a dye solution. The use 
of the laser beam exactly tuned to the resonance simplifies the 
situation and interpretation of the spectroscopic data. Under 
the condition of nonresonant excitation, densely distributed 
electron-hole pairs initially created are very rapidly relaxed 
to the exciton states, leading to the formation of high-density 
free excitons, the energy of which is equal to their transverse 
energy. A two photon transition or stimulated-absorption pro- 
cess manifests itself in a dip in the transmission spectrum, 
which satisfies the following relation: 



Tiujp 



Tiuj 



dip 



En 



(4) 



In addition to the bleaching phenomenon of absorption due to 
the saturation of excitonic states, they surely observed such 
induced absorption (cf. Fig l20l >. Moreover, they demonstrated 
that the transition involved in the induced absorption process 
is from free-excitonic states to free-biexcitonic states even in 
the case of ZnO quantum structures where the localization ef- 
fect are not negligible. Therefore, this experimental method is 
found to be useful to precisely determine the binding energy of 
biexciton unlike the PL or stimulated emission spectroscopy. 
In the latter case as already stated in subsection IVI Al spec- 
tra are dominated by the radiative recombination of biexci- 
tons localized at the potential variation caused by well width 
and depth fluctuations. No quantitative interpretation of these 
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experiments has been performed yet. For small broadening, 
free biexciton binding energy can be estimated by using the 
energy separation between the exciton resonance and lower- 
energy induced absorption peak. By estimating the separation 
of these peak energies, the biexciton binding energies (E° BX ) 
were plotted against L w (open squares) in Fig.|^ For com- 
parison, the dependence of exciton binding energy (E b Ex , open 
circles) on L w , cited from Ref. 11211 . is also shown. Both 
these binding energies are monotonically increasing functions 
of L w . 

The ratios between these two binding energies are also 
shown by full circles for comparison. Lasing can occur 
through the stimulated recombination of biexcitons, provided 
an intermediate level exists to from the three level system, 
namely a biexciton state or the final state of a scattering pro- 
cess (an exciton state). Experimental results unambiguously 
evidencing the room-temperature biexcitonic gain are highly 
desirable by optimizing a QW design. 




20 30 40 . 50 
Well Width (A) 

FIG. 21: Well- width dependence of biexciton binding energy (open 
squares) estimated in ZnO/ZnMgO MQWs. Binding energies of free 
excitons (open circles), cited from Ref. 1 12], and the E b BX / ' E% x ra- 
tios (filled circles) as a function of the L w , are also shown. We plot- 
ted the corresponding values of bulk ZnO for comparison at the right- 
hand side. The E% v_and E b Ex of bulk ZnO are, respectively, cited 
from Refs. IToh and 1 63]. Solid lines were drawn for visual guidance. 



D. Electron-hole plasma 

In this section we mention very briefly about the electron- 
hole plasmas which have been used as a recombination pro- 



cess for laser action of all the semiconductor lasers com- 
mercially available. The basic physics is analogous to the 
case of one-component plasmas that are distributed inside a 
modulation-doped semiconductors. Such an emission (usu- 
ally called "N" emission) has been observed in ZnO thin films 
and QWs at elevated pumping levels more intense than the 
case of x-x scattering. The QWs grown by a plasma-assisted 
MBE technique have exhibited only stimulated emission orig- 
inating from the EHP phase. The EHP recombination process 
is also observed in the optical gain spectra. The peak value 
of this optical gain was estimated to be ~390 cm -1 at room 



temperature |6: 



VII. CONCLUSIONS 



We have overviewed the main linear and nonlinear optical 
properties of excitons in ZnO-based QWs. The fundamental 
importance of strongly bound excitons in terms of localiza- 
tion of excitons, temporal dynamics, and oscillator strength 
has been addressed thought the discussion of recent spec- 
troscopic experiments. We also reported on an influence of 
internal electric field present along the growth axis of the 
wurtzite semiconductor QWs, resulting in observation of PL 
of spatially separated electron-hole pairs due to the quantum- 
confined Stark effects in ZnO/Mgo.27Zno.73(D QWs. The role 
of excitons in the operation of optoelectronic devices op- 
erating in the blue ultraviolet regions has been emphasized 
in the discussion of the nonlinear optical properties. The 
unique combination of large exciton binding energy and re- 
duced screening and phonon coupling occurring in QWs per- 
mits the observation of novel phenomena connected with the 
coexistence of the exciton gas and the free carrier gas at high 
density. This property is propitious to the stabilization of exci- 
tons at high temperatures. The confinement-induced enhance- 
ment of the exciton as well as biexciton binding energies were 
demonstrated in QWs. Besides their fundamental importance, 
these phenomena are found to play an important role in the 
physics of blue-ultraviolet lasers and modulators. 

Such high-quality MQWs opens up numerous possibilities 
for UV optoelectric devices. 
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